When 10 strains of lactic acid bacteria were incubated with 5 0 -hydroxyaverantin (HAVN), a precursor of aflatoxins, seven of them converted HAVN to averufin; the same reaction is found in aflatoxin biosynthesis of aflatoxigenic fungi. These bacteria had a dehydrogenase that catalyzed the reaction from HAVN to 5 0 -oxoaverantin (OAVN), which was so unstable that it was easily converted to averufin. The enzyme was purified from Lactobacillus brevis IFO 12005. The molecular mass of the enzyme was 100 kDa on gel filtration chromatography and 33 kDa on SDS polyacrylamide gel electrophoresis (SDS-PAGE). The gene encoding the enzyme was cloned and sequenced. The deduced protein consisted of 249 amino acids, and its estimated molecular mass was 25,873, in agreement with that by time of flight mass spectrometry (TOF MS) analysis. Although the deduced amino acid sequence showed about 50% identity to those reported for alcohol dehydrogenases from L. brevis or L. kefir, the commercially available alcohol dehydrogenase from L. kefir did not convert HAVN to OAVN. Aspergillus parasiticus HAVN dehydrogenase showed about 25% identity in amino acid sequence with the dehydrogenase and also with these two alcohol dehydrogenases.
Aflatoxins are toxic, carcinogenic secondary metabolites produced by the fungi Aspergillus parasiticus and A. flavus during their growth on corn, cottonseed, peanuts, and tree nuts. 1, 2) Aflatoxin B 1 (AFB 1 ), the most toxic member of this family, is also one of the most potent carcinogens known.
3) Aflatoxin contamination of agricultural crops damages not only human and animal health but also the economy. Various physical, chemical, and biological methods to remove or detoxify aflatoxins have been investigated, but large-scale, practical, and cost-effective methods of aflatoxin detoxification have not been found. 4, 5) To find an effective biological detoxification method, we attempted to screen for lactic acid bacteria (LAB) that can specifically degrade the dihydrobisfuran ring using versicolorin A (VA) and 5 0 -hydroxyaverantin (HAVN). VA is an aflatoxin biosynthesis intermediate having dihydrobisfuran and anthraquinone portions. LAB such as Lactobacillus species have recently drawn public attention as probiotics for healthy food. 6) Protective effects of LAB against food mutagens, such as heterocyclic amines, N-nitroso compounds, and aflatoxins, have been reported. [7] [8] [9] [10] [11] Gratz et al. have reported that two probiotic strains, Lactobacillus rhamnosus strain GG (ATCC53103) and L. rhamnosus strain LC-705 (DSM 7061), efficiently bound several mycotoxins, including AFB 1 . [12] [13] [14] LAB was chosen for this experiment based on such profiles.
In the course of screening experiments, we unexpectedly found that some LAB converted HAVN to averufin (AVR) when incubated with HAVN. Recently, we reported that two enzymes are involved in the step from HAVN to AVR in aflatoxin biosynthesis: HAVN dehydrogenase catalyzes the conversion of HAVN to 5 0 -oxoaverantin (OAVN), and a cyclase converts the resulting OAVN to AVR (Fig. 1) . 15, 16) Since OAVN is an unstable substance, it easily changes to AVR by spontaneous dehydration. Chang et al. have reported a DNA sequence encoding the HAVN dehydrogenase of A. parasiticus and confirmed its function by gene disruption. 17) To determine precisely the mechanism underlying the conversion of HAVN to AVR by LAB, we purified the enzyme (Lac-HAVN dehydrogenase) from Lactobacillus brevis IFO 12005. Here we report the properties of y To whom correspondence should be addressed. Tel/Fax: +81-857-31-5362; E-mail: nakajima@muses.tottori-u.ac.jp Abbreviations: AF, aflatoxin; AVR, averufin; HAVN, 5 0 -hydroxyaverantin; GDH, glucose dehydrogenase; LAB, lactic acid bacteria; OAVN, 5 0 -oxoaverantin; RADH, R-specific alcohol dehydrogenase; SDS-PAGE, SDS polyacrylamide gel electrophoresis; TCA, trichloroacetic acid; TFA, trifluoroacetic acid; TLC, thin-layer chromatography; TOF MS, time of flight mass spectrometry; VA, versicolorin A the purified enzyme and compare them to those of the HAVN dehydrogenase from Aspergillus parasiticus.
Materials and Methods
Materials. HAVN was isolated from myceria of Emericella heterothallica IFO 30842. 18) VA and nidurufin were prepared from mycelia of A. versicolor (Vuillemin) Tiraboschi. 19, 20) Averantin was prepared from mycelia of the averantin-accumulating mutant A. parasiticus NIAH 204. 21) 6-Phenyl-1-hexanol was purchased from Aldrich (Steinheim, Germany).
Strains and culture conditions. Lactobacillus brevis IFO 12005, L. rhamnosus IFO 3425, Lactococcus lactis subsp. cremoris IFO 3427, Lactococcus lactis subsp. lactis IFO 12007, and Enterococcus faecalis IFO 12580 were obtained from the Institute for Fermentation (IFO), (Osaka, Japan). L. brevis NRIC 1034, L. casei subsp. casei NRIC 1917, L. mesenteroides NRIC 0211, L. pentosus NRIC 1069, and L. plantarum NRIC 1553 were obtained from Tokyo University of Agriculture. These microorganisms were grown at 30 C in GYP medium containing the following (per liter): 10 g of glucose, 10 g of yeast extract, 5 g of peptone, 2 g of meat extract, 2 g of sodium acetate, 500 mg of Tween 80, and 5 ml of salt solution. The salt solution contained the following (per 10 ml): 0. Conversion of HAVN to AVR by LAB. LAB were grown at 28 C for 2 d in 5 ml of GYP medium in a test tube (1:8 Â 18 cm) with shaking (100 rpm). The cells were collected by centrifugation at 2;000 Â g for 2 min at room temperature, washed, and suspended in 20 mM potassium phosphate buffer (pH 7.5) to achieve the same density, of 700 nm, in each suspension. Then 500 ml of the suspension was transferred to a 1.5 mlmicrotube, and 10 ml of HAVN methanol solution (7.29 mM) was added, followed by incubation at 28 C for 3 or 6 d with shaking (100 rpm). Fifty microliters of the incubated solution was mixed with 100 ml of ethyl acetate. After centrifugation at 2;000 Â g for 30 s at room temperature, 60 ml of the upper layer was collected. One hundred microliters of ethyl acetate was mixed with the resulting lower layer, and then 80 ml of the upper layer was collected. The combined ethyl acetate extracts were concentrated to dryness and dissolved in 50 ml of methanol. A 5-ml portion was analyzed by HPLC. A Shimadzu HPLC LC-6A system equipped with an ODS column (Daisopack sp-60-5-ODS-AP, 0.6 by 15 cm, Daiso, Osaka, Japan) was used with 90% (v/v) MeOH in 1% (v/v) acetic acid aqueous solution as the eluting solvent at a flow rate of 0.8 ml/min. The absorbance at 290 nm was monitored for detection of AVR.
Enzyme assays. Lac-HAVN dehydrogenase. To detect enzymatically active fractions during enzyme purification, TLC analyses were routinely done. HAVN (0.27 mM) was incubated with each fraction during purification in 50 ml of 30 mM potassium phosphate buffer (pH 7.5) containing 5% (v/v) glycerol and 2 mM NADP at 37 C for 1 h. The reaction was terminated by adding 70 ml of watersaturated chloroform and mixing it in with a vortex mixer. After centrifugation at 10;000 Â g for 1 min, 50 ml of the lower chloroform layer was spotted onto a silica gel TLC plate (silica gel 60, Merck, Darmstadt, Germany). The plate was developed with chloroformethyl acetate-90% formic acid (6:3:1, v/v/v), and the spot of AVR was visualized under 365 nm UV light. To determine HAVN dehydrogenase activity quantitatively, we used different reaction conditions and HPLC. HAVN (0.12 mM) was incubated with enzyme solution from each purification step in 50 ml of 100 mM potassium phosphate buffer (pH 7.5) containing 20% (v/v) glycerol and 2 mM NADP at 37 C for 10 min. The reaction was terminated by adding 2 ml of 90% formic acid and 100 ml of water-saturated ethyl acetate, followed by mixing in with a vortex mixer. After centrifugation at 2;000 Â g for 1 min at room temperature, 60 ml of the upper ethyl acetate layer was collected and dried. The residue was then dissolved in 25 ml of methanol, and a 5-ml portion was analyzed with a Shimadzu HPLC LC-6A system equipped with an ODS column (Shimpack CLC-ODS 0.46 by 15 cm, Shimadzu, Kyoto, Japan). The column was developed at a flow rate of 1 ml/min with 80% (v/v) aqueous methanol solution. The temperature of the column was kept at 40 C, and the UV absorption of the effluent at 290 nm was monitored. To determine the enzyme's kinetic values, a certain concentration of HAVN was incubated with the partially purified enzyme (0.46 mg/ml) in a reaction mixture containing 100 mM potassium phosphate buffer (pH 7.5), 20% (v/v) glycerol, and 2 mM NADP. The amount of AVR formed was determined by HPLC in the way described above. The concentrations of the metabolites were determined from UV absorption coefficients ( max ): for HAVN, 7,100 (466 nm), and for AVR, 10,500 (454 nm).
18)
Other dehydrogenases. Alcohol dehydrogenase from L. kefir (Fluka, Tokyo) and glucose dehydrogenase (Wako, Osaka, Japan) were used in this study. In the alcohol dehydrogenase assay, HAVN (1.4 mM) was incubated with alcohol dehydrogenase (0.8 mg/ml) in 25 ml of 100 mM potassium phosphate buffer (pH 7.5) containing 100 mM MgCl 2 and 1.6 mM NADP at 25 C for 1 h. The reaction was terminated by adding 50 ml of ethyl acetate and mixing it in with the vortex mixer. After centrifugation at 2;000 Â g for 1 min, 40 ml of the upper ethyl acetate layer was collected. Then 50 ml of ethyl acetate was mixed with the resulting lower layer, and the upper ethyl acetate layer was collected. The same extraction procedure was repeated. The collected ethyl acetate layer was dried. The residue was then dissolved in 25 ml of methanol, and a 5-ml portion was analyzed with a Shimadzu HPLC LC-6A system equipped with a Cosmosil-5Ph column (0.46 by 15 cm; Nacalai Tesque, Kyoto, Japan). As a solvent, 70% (v/v) methanol in 1% (v/v) aqueous acetic acid solution was used at a flow rate of 0.5 ml/min. The absorbance at 280 nm was monitored. In the glucose dehydrogenase assay, HAVN (1.4 mM) was incubated with glucose dehydrogenase (0.08 mg/ml) in 25 ml of 100 mM TrisHCl buffer (pH 8.0) containing 100 mM MgCl 2 and 1.6 mM NAD at 37 C for 1 h. After incubation, HAVN and the reaction product were extracted and analyzed as described above.
Preparation of cell extract. L. brevis IFO 12005 and L. brevis NRIC 1034 were grown in 100 ml of GYP medium in a 500-ml conical flask at 30 C for 24 h. The cells were harvested from 1 liter of culture medium by centrifugation at 2;000 Â g for 20 min at 4 C, washed in 0.1 M potassium phosphate buffer (pH 8.0) containing 1 mM DTT, and resuspended in 15 ml of the same buffer. Ten grams of sea sand was added to the cell suspension, and the cells were ground with a mortar and pestle. After centrifugation at 20;000 Â g for 20 min at 4 C, the supernatant was used in the HAVN dehydrogenase assay. L. brevis IFO 12005 was grown in 2 liters of GYP medium in a 5 liter-baffled flask at 30 C for 24 h with shaking (100 rpm). The cells (25 g wet weight) were harvested from 5 liters of culture medium by centrifugation at 2;000 Â g for 10 min at 4 C, washed in 20 mM potassium phosphate buffer (pH 7.5), and resuspended in 20 mM Tris-HCl buffer (pH 7.5) containing 1 mM EDTA, 1 mM phenylmethanesulfonyl fluoride, 2 mM 2-mercaptoethanol, and 2 mg/ml of lysozyme to a final volume of 100 ml. Triton X-100 (27 g) was added to the cell suspension gradually with gentle and intermittent shaking on ice, and disruption of the cells was monitored by microscopic observation. After all cells appeared to be completely disrupted, the whole solution was kept on ice for a further 30 min. The solution was then centrifuged at 4 C and 10;000 Â g for 20 min. The resulting supernatant (100 ml) was used as the cell extract for purification of the dehydrogenase enzyme.
Purification of HAVN dehydrogenase. All steps were performed at 0 to 4 C. Buffer A, 20 mM Tris-HCl buffer (pH 7.5) containing 10% (v/v) glycerol, 10 mM MgCl 2 , 0.4 mM EDTA, and 1 mM 2-mercaptoethanol, was used in the subsequent purification steps. The cell extract (100 ml) was diluted with buffer A containing 10 mM Triton X-100 to a final volume of 200 ml, and then was loaded onto a DEAE Sepharose CL-6B column (2:8 Â 5:5 cm, Amersham Pharmacia, Uppsala, Sweden), which had been equilibrated with buffer A containing 10 mM Triton X-100. The column was successively washed with 130 ml of buffer A containing Triton X-100 and then 130 ml of buffer A to remove Triton X-100. Proteins bound to the column were then eluted with a linear gradient of 0 to 0. Protein assay. The protein concentration was determined with DC Protein Assay Kit II, a colorimetric protein assay (Bio-Rad Laboratories, Hercules, CA).
Removal of detergent from cell extract. Since the coexistence of a detergent disturbs the measurement of protein concentration as well as the enzyme assay, BioBeads SM-2 resin (Bio-Rad Laboratories, Hercules, CA) was used to remove detergent from the cell extract prepared by Triton X-100 treatment. A portion of the extract was diluted 5-fold with buffer A, and then 100 ml of the diluted extract was mixed with 20 mg or 60 mg of SM-2 resin, which had been washed with the same buffer. After intermittent mixing, the whole sample was transferred to a small centrifuge cup, and the cell extract was then recovered by centrifugation. The resulting extract was measured for both enzyme activity and protein concentration.
Molecular mass. The molecular mass of the native purified enzyme was determined by gel filtration using a Sephacryl S-300 column in comparison with the following molecular mass standards (Bio-Rad Laboratories, Hercules, CA): thyroglobulin (670 kDa), gammaglobulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and cyanocobalamin (1.35 kDa). The molecular mass of the denatured enzyme was determined by SDS-PAGE performed in slab gels of 13% polyacrylamide gel, 22) followed by staining with Coomassie Brilliant Blue R-250. The molecular mass was calculated with a low molecular weight calibration kit for SDS electrophoresis (Amersham Pharmacia) containing phosphorylase (94 kDa), albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrate b (30 kDa), trypsin inhibitor (20.1 kDa), and -lactoalbumin (14.4 kDa). To analyze the molecular mass by TOF MS, the purified Lac-dehydrogenase (4 mg) was concentrated by precipitation with 10% TCA. The precipitate was washed twice with 0.1 ml of acetone to remove the remaining TCA, and then dissolved in 5 ml of 0.1% TFA. The resulting solution was applied to a Brucker REFLEX II, and -cyano-4-hydroxycinnamic acid was used as a matrix.
Effects of pH and temperature on enzyme activity. The effect of pH on dehydrogenase activity was determined in a pH range 5.5-9.5 using 0.5 M sodium phosphate buffer, pH 5.5-7.0, and 0.5 M Tris-HCl buffer, pH 7.5-9.5. The effect of temperature on the activity was determined in a range C.
Determination of amino acid sequence. After the enzyme was purified by SDS-PAGE using a 13% polyacrylamide gel, proteins in the gel were blotted onto a polyvinylidine difluoride membrane (Immobilon P; Millipore) by the Semidry Blotting System AE 6675 (Atto, Tokyo). After the protein on the membrane was stained with Coomassie Brilliant Blue R-250, the part corresponding to the enzyme was cut out and applied to an Automated Edman Degradation Gas Phase Sequencer HP G1005A (Hewlett-Packard, Palo Alto, CA).
Cloning of the enzyme gene. Genomic DNAs were prepared from L. brevis IFO 12005 with a DNeasy Tissue Kit (Qiagen, Germantown, MD). Based on the amino acid sequences DRLKDKV and DILVNNA in the N-terminal part of the enzyme, the degenerate primers of Lac-F (GAYMGNYTNAARGAYAARGT, position 10-29) and Lac-R (NGCRTTRTTNACNARDATRTC, position 256-276) were designed. All PCRs were performed with Ready-To-Go PCR Beads (Amersham Pharmacia) and a thermal cycler (Type 9700 or 9600, Perkin-Elmer Cetus, Norwalk, CT). PCR was done using the genomic DNA as a template and the degenerate primers as follows: (1) C. To obtain the whole sequence, TAIL-PCR was used for gene walking. This technique consists of consecutive PCRs performed with nested sequence-specific primers and a shorter arbitrary degenerate primer. Three nested sequence-specific primers (TAIL1, TAIL2, and TAIL3) for the Lac-HAVN dehydrogenase gene and six random primers were used to amplify the 5 0 upstream region in Ready-to-Go PCR tubes. Three other sequence-specific primers (TAIL1r, TAIL2r, and TAIL3r, complementary to TAIL1, TAIL2, and TAIL3 respectively) and six random primers were used to amplify the 3 0 downstream regions of the Lac-HAVN dehydrogenase gene. The six sequence-specific primers were CCCGGCCAA-ATTTGGCAATGGTGGC-3 0 (TAIL1, position 
0 (RP5), and SCACNTCSTN-GTNTCT-3 0 (RP6). 23, 24) After three successive nested PCRs with TAIL cycling performed with a model 9600 thermal cycler, the reaction products of the second and third PCR steps were separated and compared on the same agarose gel. Six kinds of TAIL-PCRs were performed with six random primers at the same time. All of the bands from the third PCRs that showed the decrease in length expected from the differences in the positions of the sequence of primers TAIL2 and TAIL3 or primers TAIL2r and TAIL1r on the genome were assumed to be the desired products. They were then cut out, cloned, and sequenced. The TAIL-PCR cycle program was the same as that described by Liu and Whittier, 23) with minor modifications.
24)
DNA sequence analysis. To clone the PCR product, the product was ligated into TA cloning vector pCR 2.1 and then transformed into bacterial strain INVF 0 (Invitrogen, Carlsbad, CA). To prepare highly purified plasmid DNA for DNA sequencing, a QIAprep Spin Miniprep Kit (Qiagen, Germantown, MD) was used. DNA sequencing was performed for both strands using M13 forward and reverse primers and an ABI Prism BigDye terminator cycle sequencing Ready Reaction Kit (Applied biosystems, Foster City, CA). Every sequence was confirmed by examining both strands; in addition, at least two bacterial clones obtained by TA cloning were examined.
Results

Conversion of HAVN to AVR by LAB
In the course of our search for lactic acid bacteria (LAB) that specifically degrade the dihydrobisfuran ring of aflatoxins, we incubated LABs with HAVN for 3 d and 6 d. As shown in Table 1 , some strains produced AVR with a decrease in HAVN, whereas others did not. Especially, L. brevis IFO 12005 and L. brevis NRIC 1034 showed remarkable AVR production. These results suggest that the LAB producing AVR had enzymes to convert HAVN to AVR. To confirm this, we prepared extracts from cells of L. brevis NRIC 1034 and L. brevis IFO 12005 by grinding them with mortar and pestle and centrifuging them. When both cell extracts were incubated with HAVN and cofactors (NAD and NADP), AVR was newly produced and HAVN decreased. These results indicate that an enzyme or enzymes of the LAB caused AVR formation from HAVN. The enzyme was named Lac-HAVN dehydrogenase. Since the cell extract of L. brevis IFO 12005 was slightly more active and stable than that of L. brevis NRIC 1034 (data not shown), we used the former to characterize the enzyme. To check the possibility that the bacteria might produce aflatoxins and/or aflatoxin biosynthetic intermediates such as HAVN and AVR, we searched for metabolites related to aflatoxin in the cell extract of L. brevis IFO 12005 by HPLC, but we did not find any such metabolites (data not shown).
Conversion of HAVN to OAVN
The cell extract of L. brevis IFO 12005 was incubated with HAVN with or without cofactors for various lengths of time. When NADP was added to the reaction mixture, AVR production increased with time; the addition of NAD caused very slight AVR formation, and the absence of a cofactor resulted in no AVR formation (Fig. 2) . When doing the TLC analyses in the course of this work, we noticed that a small amount of another product was produced together with AVR. The new substance moved more slowly than AVR but faster than HAVN on the TLC plate (Fig. 3) . This substance was identified as OAVN, which we recently found to be the intermediate between HAVN and AVR in the aflatoxin biosynthetic pathway, based on the Rf value on TLC and the retention time on HPLC. 15) Further, this compound was converted into AVR by OAVN cyclase prepared from A. parasiticus NIAH 26. 15, 16) Since OAVN was so unstable that it was easily converted to AVR by acid treatment or dryness, we supposed for a long time that AVR was the product of this enzyme reaction. We confirmed that Lac-HAVN dehydrogenase had the same activity for conversion of HAVN to OAVN as A. parasiticus HAVN dehydrogenase did. 
Purification of Lac-HAVN dehydrogenase
To purify the enzyme, cell disruption is a necessary and important step. First we tried to disrupt L. brevis cells using a mortar and pestle or a French press. In both cases, disruption efficiency, as determined by microscopic monitoring of the treated cells, was commonly less than 10%. Finally, we used a non-ionic detergent, Triton X-100, to disrupt the cells completely, and the detergent in the soluble fraction was removed by ionexchange chromatography. This simple disruption method was very useful in preparing intact cytosol proteins of cells. Triton X-100 was slowly but directly added to the suspension of the cells. When detergent was added to the cells (at a ratio of about 1 to 1 in weight), they appeared to be completely disrupted, or in other words, solubilized. The cleared lysate after centrifugation was applied to DEAE-Sepharose resin. Most of the proteins were bound to the resin in this condition. On the other hand, the non-ionic detergent did not bind to the resin. The detergent was removed from the proteins bound to the resin by extensive washing with a solution containing no detergent. The enzyme activity then recovered as a single peak in chromatography. Lac-HAVN dehydrogenase was finally purified to homogeneity after a combination of chromatography on DEAE Sepharose, Phenyl Sepharose, Sephacryl S-300, and Mono Q resins ( Table 2 ). The protein concentration and enzyme activity of the cell extract were determined after a portion of the cell extract was taken and the detergent in it was removed with Bio-beads SM-2. The yield after Sephacryl S-300 chromatography was obviously lower than that after the subsequent Mono Q chromatography. The protein concentration of the active fraction eluted from Sephacryl S-300 was very low. We used this fraction in the enzyme assay without concentration. The concentration in the assay might have been out of the quantitative range. After Mono Q chromatography, the specific activity of the enzyme increased to at least 90-fold of that at the initial step, and the yield was 3.6%. Finally, 0.29 mg of purified Lac-HAVN dehydrogenase was obtained from 25 g of the wet weight of the cells. The purified enzyme showed a single band of 33 kDa on SDS-PAGE (Fig. 4A) .
Characterization of Lac-HAVN dehydrogenase
The apparent molecular mass of Lac-HAVN dehydrogenase was estimated to be about 100 kDa based on the elution position from the Sephacryl S-300 gel filtration column. SDS-PAGE analysis showed that the enzyme's denatured molecular mass was 33 kDa (Fig. 4A) . This denatured molecular mass of 33 kDa was different from that (25, 873) deduced from the dehydrogenase gene sequence, as described below. TOF MS analysis of the dehydrogenase indicated that the subunit molecular mass was 25,918, consistent with the estimate of 25,873 based on the gene sequence. Unusual behavior on SDS-PAGE has been reported for some kinds of proteins including GDH from B. megaterium. [25] [26] [27] [28] [29] Further studies are required to elucidate the reason for the low mobility of Lac-HAVN dehydrogenase on SDS-PAGE. The K m and V max values of the enzyme for HAVN were estimated to be 42.6 mM and 1.7 nmol/mg of protein/min respectively. The optimum pH of the enzyme for the activity was 7.0 to 8.0, and no activity was detected above pH 9.0 (Fig. 4B) . The effect of temperature on the enzyme activity was investigated in a a Cell extract was prepared from 25 g wet weight of cells harvested from 5 liters of culture medium. b The activity and protein concentration of cell extract was determined after removal of Triton X-100 using a spin column with Bio Beads SM-2.
range of 25 to 60 C. Maximum activity was observed between 40 and 55 C (Fig. 4C) .
Determination of N-terminal amino acid sequence of HAVN dehydrogenase
The N-terminal 95 amino acid sequence of Lac-HAVN dehydrogenase was determined to be as follows: Cloning and nucleotide sequence of the genomic Lac-HAVN dehydrogenase gene
To determine the DNA sequence of the gene encoding Lac-HAVN dehydrogenase, conventional PCR and TAIL-PCR were performed. A 270-bp PCR product was obtained after conventional PCR using two degenerated oligonucleotides, Lac-F and Lac-R, as primers, corresponding to the N-terminal amino acid sequence of HAVN dehydrogenase protein. The PCR product was then sequenced, and from the deduced amino acid sequence it was found that the unknown amino acids at positions 25, 69, and 72 from the N-terminus were C, W, and K respectively. For gene-walking to both flanking regions of the gene, six sequence-specific primers for TAIL-PCR were designed according to the established 270-bp PCR product sequence. Finally, a DNA sequence of 2,778 bp, which contained the region encoding the enzyme and both flanking regions, was determined. A 1,320-bp nucleotide sequence of this is shown in Fig. 5 . A putative Shine-Dalgarno sequence (SD) was located at 12 bp upstream of the translation initiation codon (ATG). The putative À35 (TTCATT) and À10 (TACCCT) elements were identified within the 60 bp upstream of the sequence. Based on the deduced amino acid sequence, the Lac-HAVN dehydrogenase consisted of 249 amino acids, and its molecular mass was C. Sodium phosphate buffer and Tris-HCl buffer were used for pH 5.5-7.0 and pH 7.5-9.5 respectively. C, Effect of temperature on Lac-HAVN dehydrogenase activity. The activity of Lac-HAVN dehydrogenase was measured at the indicated temperatures in potassium phosphate buffer at pH 7.5. The OAVN formed in the reaction mixture was converted to AVR nonenzymatically by adding formic acid after incubation.
-240 ctccaccgcattttaacggatataagtatacggcaataggcaaacgtaagaatttaaaaa -180 cgagtcatcggtttaatgctaaggtagaaatggataatattgtaattggtatggggtaac -120 ttgattggctgttcaatcctattggagtgaaacctgctatattcgacaatcaaggcaaat -60 tctttcattttctcaccgcaatgtgataccctgaacaagaatgaattgaaagggtgatag -35 estimated to be 25,873 Da. The sequence from the 3rd T to the 96th V completely matched the N-terminal sequence obtained by amino acid sequence of the purified enzyme. N-terminal two methionine residues were not detected by the protein sequencer, indicating that they may have been removed after translation. The gene included three functional motifs conserved in the short-chain alcohol dehydrogenase family: the GGVA-GIG, a glycine-rich loop, and the NAG sequence required for interaction with NAD(P), as well as the YSASK involved in the active site of dehydrogenase. [30] [31] [32] A FASTA (tfasta) search of the DDBJ database revealed that the Lac-HAVN dehydrogenase amino acid sequence was homologous to some dehydrogenases: R-specific alcohol dehydrogenase (RADH) from Lactobacillus kefir DSM20587 (49% identity, 76% similarity), 33, 34) RADH from L. brevis (48% identity, 72% similarity), 35, 36) and glucose dehydrogenase (GDH) from Bacillus megaterium IAM1030 (37% identity, 70% similarity). 26) Moreover, the Lac-HAVN dehydrogenase amino acid sequence showed 99.6% identity (100% similarity) and 54% identity (80% similarity) with parts of the complete genome sequences of L. brevis ATCC 367 and Oenococcus oeni PSU-1 respectively.
37) The amino acid sequences of the dehydrogenases are shown in Fig. 6 . The amino acid sequence of Aspergillus parasiticus HAVN dehydrogenase showed 24.8% identity with that of Lac-HAVN dehydrogenase. Two motifs of the glycine-rich loop and the YXXXK active site were found in these dehydrogenase.
Dehydrogenase reaction
We proceeded to investigate whether these dehydrogenases can utilize HAVN as their substrate. Two commercially available enzymes, RADH from L. kefir and GDH from Bacillus sp., were incubated with HAVN and the cofactor under optimum conditions. RADH from L. kefir converted HAVN into neither OAVN nor any other compound. GDH from Bacillus sp. belonging to the short-chain alcohol dehydrogenase family also did not convert HAVN to OAVN. The purified Lac-HAVN dehydrogenase was incubated with other substances having the OH group, such as nidurufin, averantin, and 6-phenyl-1-hexanol (Fig. 7) instead of HAVN as the substrate, but no change occurred (data not shown).
drogenase changes 5 0 -OH of both diastereomers to carbonyl, resulting in the production of 1 0 S-OAVN, which loses chirality at the 5 0 -carbon. Then 1 0 S-OAVN is converted to (1 0 S, 5 0 R) AVR, which gains chirality at the 5 0 -carbon again. This suggests that the reaction from HAVN to OAVN precedes the stream for aflatoxin formation. 18, 38) Although both enzymes, Lac-HAVN dehydrogenase and Aspergillus HAVN dehydrogenase, catalyzed the same reaction from HAVN to OAVN, their properties were different. The native molecular masses of the Lac-HAVN dehydrogenase and A. parasiticus HAVN dehydrogenase were quite different: 100 and 60 kDa respectively, whereas the molecular masses deduced from their amino acid sequences were similar, 26 and 28 kDa respectively. The Lac enzyme preferred NADP to NAD as a cofactor; the A. parasiticus enzyme used NAD exclusively. The optimum pH values of both enzymes were near pH 7.0 to 8.5, whereas the optimum temperatures for the enzymes were different, 40 to 55 C for the Lac enzyme and 30 to 35 C for the A. parasiticus enzyme. Generally, the optimum temperature for LAB growth is higher than that for fungal growth. Probably, HAVN dehydrogenase works actively at the optimum growth temperature, although the true function of this enzyme in the bacterium remains unknown. A comparison of the deduced amino acid sequences of the two HAVN dehydrogenases revealed 25% identity. Both HAVN dehydrogenases contain two conserved motifs found in short-chain alcohol dehydrogenases: a glycine-rich loop (GXXXGXG), which is necessary for interaction with NAD(P), and the motif YXXXK, which is found at the active site of each dehydrogenase (Fig. 6) .
Tfasta analysis of the deduced amino acid sequence of Lac-HAVN dehydrogenase revealed that this enzyme has high sequence homology to certain bacterial dehydrogenases: RADHs from Lactobacillus kefir DSM20587 (49% identity) 33, 34) and from L. brevis (48% identity), 35, 36) and GDH from Bacillus megaterium IAM1030 (37% identity). 26) These bacterial dehydrogenases were not found in homology searches based on the amino acid sequence of Aspergillus HAVN dehydrogenase. Thus maximum matching analysis (GenetyxMac 13.0.3) was used to determine the sequence homology between Aspergillus HAVN dehydrogenase and these dehydrogenases. The amino acid sequence of Aspergillus HAVN dehydrogenase showed 25%, 24%, 24%, and 23% matching with those of Lac-HAVN dehydrogenase, L. brevis RADH, L. kefir RADH, and B. megaterium GDH respectively.
The hydrophilicity profiles for Lac-HAVN dehydrogenase and the two RADHs were very similar, but that for Aspergillus HAVN dehydrogenase was different (data not shown). RADHs from L. kefir and L. brevis were found to have the highest homology to Lac-HAVN dehydrogenase, as explained above. These two RADHs are closely related, with a sequence identity of 92%. They have been reported to have very broad substrate specificity and to catalyze reductions of varied carbonyl compounds, including cyclic, aromatic, and aliphatic ketones. They also catalyze NADPH regeneration in the presence of 2-propanol. 33, 34) Their high homology, very similar hydrophilicity profiles to Lac-HAVN dehydrogenase, and very broad substrate specificity suggest that they might have HAVN dehydrogenase activity. We examined to determine whether commercially available L. kefir RADH converts HAVN to OAVN, and found unexpectedly that it did not change HAVN to any other substance. Lac-HAVN dehydrogenase, partially purified with DEAE Sepharose and Phenyl Sepharose column chromatographies, dehydrogenated 2-propanol and cyclohexanol with NADP as coenzyme (data not shown). Thus Lac-HAVN dehydrogenase may have broader substrate specificity than the RADHs from L. kefir and L. brevis. RADHs can be used to produce valuable synthons for asymmetric organic synthesis, because it catalyzes the enantioselective reduction of prochiral ketons by NADPH to the corresponding secondary alcohols. If Lac-HAVN dehydrogenase converts more compounds than RADH from L. kefir, it should be a more versatile tool for organic synthesis.
The molecular weight of the subunit of the HAVN dehydrogenase was calculated to be 26 kDa, based on the amino acid sequence deduced from the DNA sequence of the gene, but this value is very different from the 33 kDa estimated by SDS-PAGE. TOF MS data for purified HAVN dehydrogenase showed a subunit molecular weight of 26 kDa, the same as that calculated based on the DNA sequence. The same sample was used for SDS-PAGE and for TOF MS. The unusual behavior on SDS-PAGE remains to be studied.
Some strains of LAB perhaps remove mutagenic contaminants such as AFB 1 in food materials. The mechanism by which LAB removes AFB 1 has been suggested to be the binding of AFB 1 to the bacterial cell wall or to cell-wall components rather than metabolic degradation. Chemical and physical treatments aiming to inactivate the bacteria and enzymes with the specificity to degrade aflatoxins did not totally abolish bacterial AFB 1 binding ability. Recently, Lactobacillus rhamnosus strain GG (ATCC53103) and L. rhamnosus strain LC-605 (DSM7061) were reported to remove efficiently AFB 1 from solution. [12] [13] [14] The present study indicates that many but not all LAB enzymatically converted HAVN to OAVN. L. rhamnosus did not show the formation of AVR from HAVN. Tight binding of HAVN to the cells in solution might explain why some LAB, including the L. rhamnosus strain, did not convert HAVN to AVR.
It would be interesting to examine why some LAB have this enzyme. Some non-aflatoxigenic fungi have been reported to produce aflatoxin biosynthetic intermediates or their analogs. 39) Solorina crosea produces norsolorinic acid. Sterigmatocystin production has been reported in Bipolaris sp., Chaetomium sp., Farrowia sp., and Monocillium sp., in addition to many Aspergillus/ Emericella species. Dothistroma pini produces AVR and dothistromin with structural similarity to versicolorin B. These fungi are believed to have some of the aflatoxin biosynthetic enzymes necessary to produce these intermediates. In fact, it has been reported that Dothistroma pini contains homologs of the aflatoxin biosynthetic pathway gene: four genes have 24-80% similarity to the aflatoxin biosynthetic gene and one of them, dotA, shows 80.2% identity with ver-1. 40) Reactions or genes similar to those involved in aflatoxin biosynthesis are partially distributed in microorganisms other than the aflatoxigenic fungi. In this study, it was found that L. brevis 12005 have an enzyme that catalyzes a reaction involved in aflatoxin biosynthesis, but it is unlikely that these LAB produce aflatoxin-related substances, since they have traditionally been used to process and preserve foods. In fact, no metabolites related to aflatoxin biosynthesis were detected in the cell extract of Lactobacillus brevis IFO 12005. This is the first study indicating that some bacteria, as opposed to fungi, have an enzyme that shows the same enzyme activity as that involved in aflatoxin biosynthesis. Although the gene encoding Lac-HAVN dehydrogenase does not have high homology with the adhA gene encoding the HAVN dehydrogenase of A. parasiticus, the evolutionary relationships among these genes in different microorganisms is an interesting and important issue awaiting study.
